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ABSTRACT
Galaxy clusters can potentially induce sub-µK polarization signals in the CMB with
characteristic scales of a few arcminutes in nearby clusters. We explore four such po-
larization signals induced in a rich nearby cluster and calculate the likelihood for their
detection by the currently operational SPTpol, advanced ACTpol, and the upcoming
Simons Array. In our feasibility analysis we include instrumental noise, primordial
CMB anisotropy, statistical thermal SZ cluster signal, and point source confusion, as-
suming a few percent of the nominal telescope observation time of each of the three
projects. Our analysis indicates that the thermal SZ intensity can be easily mapped in
rich nearby clusters, and that the kinematic SZ intensity can be measured with high
statistical significance toward a fast moving nearby cluster. The detection of polarized
SZ signals will be quite challenging, but could still be feasible towards several very rich
nearby clusters with exceptionally high SZ intensity. The polarized SZ signal from a
sample of ∼ 20 clusters can be statistically detected at S/N ∼ 3, if observed for several
months.
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1 INTRODUCTION
A wealth of information on the temperature anisotropy
of the cosmic microwave background (CMB) and its E-
mode polarization has been accumulated over the past two
decades by multiple ground-based and balloon-borne tele-
scopes, the WMAP, and Planck satellites. In particular,
Planck cosmic-variance-limited measurements mapped the
temperature anisotropy down to ∼ 4′ scales, and the South
Pole Telescope (SPT), and the Atacama Cosmology Tele-
scope (ACT) have already mapped the CMB temperature
across a sky patch down to the sub-arcminute resolution.
Numerous other ongoing ground-based CMB experi-
ments, e.g. QUIET, POLARBEAR, and its successor – the
Simons Array (SA) – will measure the CMB polarization to
unprecedented precision on scales & 3′. This effort contin-
ued with the upgrades of SPT and ACT – SPTpol and Ad-
vanced ACTpol (AdvACTpol) – that recently detected the
CMB polarization on arcminute scales (e.g. Keisler et al.
2015, Louis et al. 2017b), making the detection of polar-
ization signals produced in gravitationally-bound systems
potentially feasible.
Temperature anisotropy in directions to galaxy clusters
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is induced by scattering of the CMB off moving electrons;
random and ordered motions give rise to the thermal and
(the typically weaker) kinematic components of the SZ ef-
fect, respectively. As is well established, the SZ effect is
a powerful diagnostic tool that can yield important infor-
mation on cosmological and cluster parameters (e.g. Planck
Collaboration et al. 2016b, de Haan et al. 2016, Sifo´n et al.
2016). Additional information can be extracted from the
polarization state of the scattered radiation, which probes
other combinations of cosmological and cluster parameters.
A prerequisite for cluster-induced polarization is the
presence of a non-vanishing quadrupole in the incoming radi-
ation when viewed in the scattering electron rest frame; upon
Compton scattering off intracluster (IC) gas, the CMB be-
comes polarized. Since polarized Compton scattering blocks
all moments other than the quadrupole at the rest frame
of the scattering electron, CMB polarization towards indi-
vidual galaxy clusters is a pristine measurement of the lo-
cal quadrupole moment in the CMB. This local quadrupole
could be either of primordial origin or, alternatively, yield
information on IC gas properties, i.e. either the cluster geom-
etry, its peculiar velocity in the Hubble frame, gas tempera-
ture, or combination thereof. Two such quadrupole sources,
linear in the optical depth, are explored here: The primor-
dial CMB quadrupole, and quadrupole anisotropy associ-
ated with the transversal second order Doppler component
of the bulk motion of the cluster. Two other relevant po-
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larization components arise from double scattering in the
same cluster (Sunyaev & Zeldovich 1980, Sazonov & Sun-
yaev 1999). First scattering induces temperature anisotropy
either via the thermal or kinematic SZ effect. If this tem-
perature anisotropy contains a local quadrupole moment,
polarization is induced upon second scattering. For a typ-
ical Thomson optical depth of IC gas, τ ∼ 0.01, these τ2-
dependent components are clearly very weak, with the ther-
mal effect sourcing the largest of the two. It has also been
suggested that cluster polarization signals could possibly
provide a way to increase the sampling of the primordial
quadrupole by the additional linear polarization it induces,
thereby lowering the statistical uncertainty of measurement
of this quadrupole moment (Kamionkowski & Loeb 1997,
(Bunn 2006), a possibility that was further elaborated upon
recently by Hall & Challinor (2014) and Louis et al. (2017a).
A quantitative study of cluster-induced polarization was
began by Sunyaev & Zeldovich (1980), and continued with
the works of Sazonov & Sunyaev (1999) and Audit & Sim-
mons (1999). Polarization levels and spatial distribution
were determined in a detailed analysis of a cluster simulated
with the hydrodynamical Enzo code by Shimon et al. (2006).
Power spectra of the statistical (all-sky) cluster-produced
polarization, which is clearly much smaller than the primor-
dial CMB polarization on the relevant angular scales, was
also studied (e.g. Cooray et al. 2004, Shimon et al. 2006).
In order to assess the likelihood of detection of the typ-
ically weak polarization signals from possible cluster tar-
gets of current and anticipated very high resolution ground-
based polarization-sensitive experiments, a realistic feasibil-
ity analysis is needed. This provides the main motivation of
the work presented in this paper.
As stated above, the main objective of the work pre-
sented here is to carry out detailed estimates of cluster po-
larization signals and to assess their detectability towards
nearby rich clusters by three ground-based telescope projects
- SPTpol, AdvACTpol, and the SA. These will clearly be
able to map the much larger (total) thermal SZ intensity,
and also the kinematic SZ signal from clusters with high
(& 1000 km s−1) radial velocity.
2 POLARIZATION INDUCED BY
SCATTERING IN CLUSTERS
Scattering of the CMB by (hot) IC gas changes its spectro-
spatial distribution in direction to the cluster. The thermal
SZ effect (Sunyaev & Zeldovich 1972) is quantified by a frac-
tional temperature change
∆T
T
= yf(x), (1)
f(x) = x coth(x/2)− 4, y =
∫
σTne
kBTe
mec2
dl, (2)
where x = hν/(kBT ) is the dimensionless frequency, y is the
comptonization parameter, σT is the Thomson cross section,
ne and Te are the electron number density and temperature,
and the integration is along the line of sight (los). The con-
stants h, kB , me, and c, are Planck’s and Boltzmann’s con-
stants, the electron mass, and the speed of light, respectively.
Hereafter we denote the dimensionless gas temperature as
Θ ≡ kBTe/(mec2).
The typically smaller kinematic SZ effect is proportional
to the los velocity component of the cluster, vr, and since it
is a first order Doppler shift of the CMB, the temperature
change it induces is frequency-independent,
∆T
T
= −
∫
σTneβrdl, (3)
with βr =
vr
c
. Compton scattering can polarize incident ra-
diation if it has a quadrupole moment in the rest frame of
the scattering electron; the quadrupole is the only multi-
pole transmitted by scattering (assuming photons are soft
in the electron rest frame, which is virtually always the case
for the thermal electron populations considered here). The
incident CMB radiation has a global quadrupole moment
in addition to a small non-vanishing quadrupole moment
(O(10−5)) which is induced by (first) scattering in the clus-
ter, i.e. the SZ effect. The degree of linear polarization and
its orientation are determined by the two Stokes parameters
Q =
3σT
16pi
∫
nedl
∫
sin2 θ cos(2φ)T (θ, φ)dΩ
U =
3σT
16pi
∫
nedl
∫
sin2 θ sin(2φ)T (θ, φ)dΩ,
(4)
where θ and φ define the relative directions of the incom-
ing and outgoing photons, dΩ is an element of integration
over the solid angle, and T (θ, φ) is the temperature of the
incident radiation. (Temperature-equivalent units are used
throughout.) Since the los is taken to be along the z-axis for
convenience, the angles θ and φ are actually defined with
respect to the outgoing photon in this system. The average
electric field defines the polarization plane with a direction
given by
α =
1
2
tan−1
(
U
Q
)
, (5)
and the total polarization is defined as
P ≡
√
Q2 + U2. (6)
In the following we describe the polarization generated
by Compton scattering when a quadrupole moment is in-
duced by either electrons moving at the cluster radial ve-
locity, or electrons randomly moving in the hot gas with a
velocity dispersion which is characterized by the gas tem-
perature Te.
2.1 Polarization of Isotropic Incident Radiation
Scattering of the CMB in a cluster at rest in the CMB frame
results in local anisotropy due to the different pathlengths
of photons arriving from various directions to a given point
(e.g. Chluba et al. 2014). This anisotropy provides the req-
uisite quadrupole moment; second scatterings then polarize
the radiation (Sunyaev & Zeldovich 1980, Sazonov & Sun-
yaev 1999). By symmetry, the measured net polarization (es-
sentially) vanishes if the cluster is not resolved. Nonetheless,
and since we consider here the performance of the arcmin-
resolution SPTpol and AdvACTpol, it is useful to explore
the signal associated with double scattering since it is a pri-
ori expected to dominate over the other polarization signals
MNRAS 000, 1–9 (2017)
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in rich clusters (Shimon et al. 2006) for which τ2 is not neg-
ligibly small.
The CMB appears anisotropic in the frame of a non-
radially moving cluster; consequently, scattering by IC elec-
trons polarizes the radiation. Two polarization components
are induced; the first is linear in the cluster velocity compo-
nent transverse to the los, vt ≡ βtc, but quadratic in τ ; the
second is linear in τ but quadratic in βt. The quadrupole
required for the latter is induced by the (transversal) sec-
ond order Doppler effect. The spatial patterns of the various
polarization components can be readily determined when
the gas distribution is spherically symmetric, in the ‘hard
sphere’ approximation for gas density and temperature, e.g.
Sunyaev & Zeldovich (1980), Sazonov & Sunyaev (1999).
More realistic gas distributions, substructure and high in-
ternal velocities result in complicated polarization patterns
(Lavaux et al. 2004, Shimon et al. 2006).
2.1.1 The Kinematic Polarization Components
The degree of polarization induced by double scattering in a
non-radially moving cluster was determined by Sunyaev &
Zeldovich (1980) in the simple case of uniform gas density,
P =
1
40
τ2βt. (7)
This polarization component is frequency-independent in
equivalent temperature units since the requisite quadrupole
is generated by the kinematic SZ effect, a first order Doppler
shift. A more complete calculation of this and the other po-
larization components was carried out by Sazonov & Sun-
yaev (1999). Viewed along a direction nˆ = (θ, φ), the tem-
perature anisotropy at a point (X,Y, Z), ∆T (X,Y, Z, θ, φ),
leads to polarization upon second scattering. The Stokes pa-
rameters are calculated from Eq. (4),
(Q± iU) (X,Y ) =3σT
16pi
∫
dZne(X,Y, Z)
×
∫
dΩ sin2(θ)e±i2φ∆T (X,Y, Z, θ, φ)
=
3σT
4pi
∫
dZne(X,Y, Z)
×
∫
dΩY ±22 (θ, φ)∆T (X,Y, Z, θ, φ),
(8)
where Y ±22 are the ` = 2 and m = ±2 spherical harmonics
and we recall that θ and φ are defined by a system centred
at the scattering electron. The temperature change resulting
from first scatterings is
∆T (X,Y, Z, θ, φ)
T
=σT
∫
d~l(X ′, Y ′, Z′, θ, φ)
× ne(X ′, Y ′, Z′, θ, φ)nˆ · β(X ′, Y ′, Z′),
(9)
and the optical depth through the point (X,Y, Z) in the
direction (θ, φ) is
τ(X,Y, Z, θ, φ) = σT
∫
ne(X
′, Y ′, Z′)d~l(X ′, Y ′, Z′, θ, φ).
(10)
Thus, Q(X,Y ) and U(X,Y ) fully describe the linear polar-
ization field.
The second kinematic polarization component is ∝ τβ2t ;
it is generated by virtue of the fact that the radiation ap-
pears anisotropic in the electron frame if the electron motion
has a non-vanishing transverse component. The polarization
of singly-scattered radiation is then calculated (Sazonov &
Sunyaev 1999) by using Eq. (4). The Stokes parameters for
this polarization component are
Q =
1
20
τ(β2x − β2y)g(x)
U =
1
10
τ(βxβy)g(x)
(11)
where
g(x) ≡ x coth x
2
. (12)
By applying a rotation in the sky (X-Y) plane, i.e. working
in a polar frame in which Ur identically vanishes, it can be
shown that Q = 1
20
τ(β2x + β
2
y)g(x) and U = 0.
The polarization direction in our arbitrary coordinate
system is
α =
1
2
tan−1
(
2βxβy
β2x − β2y
)
(13)
2.1.2 The Thermal Polarization Component
As with the τ2βt component discussed above, double scat-
tering off electrons moving with random thermal velocities
can induce polarization that is proportional to τ2Θ. The
anisotropy introduced by single scattering is the thermal
component of the SZ effect with temperature change∆Tt. Its
dependence on frequency is quantified by the spectral func-
tion f(x) as defined in Eq. (2). In particular, this spectral
function changes sign at the crossover frequency x0 = 3.83,
consequently Q and U flip signs, and the polarization pat-
tern locally rotates on the sky by 90◦. Globally, this results
in the polarization pattern changing from radial at x < x0,
to tangential at x > x0 (Sazonov & Sunyaev 1999). Actual
numerical calculation of the effect for a given cluster con-
figuration requires a 4D integration on the simulation box
which we do not specify here and is described in Shimon
et al. (2006).
2.2 Polarization of Anisotropic Incident Radiation
The large scale anisotropy of the CMB includes a global
quadrupole moment at the level of ≈ 15 µK, as measured
by COBE, WMAP and Planck all-sky surveys (Planck Col-
laboration et al. 2016a, and references therein). Knowing
that the probability for generating polarization by scatter-
ing in clusters is a fraction ∼ τ
10
of the incident quadrupole,
and that τ ∼ 0.01, we expect the resulting polarization sig-
nal to be ≈ 15 nK, tiny by all measures, including the cur-
rently projected high sensitivity levels. A recent study of
the detectability prospects of this effect has concluded that
this component could be marginally detected at ∼ 2σ con-
fidence level from a joint analysis of polarization maps of
550 clusters (Hall & Challinor 2014). It seems reasonable
to expect that other cluster-induced CMB polarization sig-
nals and source confusion will likely degrade this projected
detection level.
MNRAS 000, 1–9 (2017)
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3 DETECTABILITY OF THE POLARIZATION
SIGNAL
The main objective of this work is to determine values of the
Signal-to-Noise (S/N) for detection of polarized CMB radi-
ation induced by a rich cluster. Assuming temperature and
two polarization (Q & U Stokes parameters, or the equiv-
alent E & B modes) maps of the cluster are available, one
can use their auto- and cross-correlations to estimate the
S/N for cluster detection. The cluster is placed at various
redshifts in the range z ∈ [0.02, 0.2], and its gas density and
temperature are described by a polytropic equation of state
with a β-profile.
Polarization maps and polarization levels for the cluster
are produced for all components discussed above ∝ τQprim,
∝ τβ2t , ∝ τ2Θe and ∝ τ2βt in our analysis. These have
different characteristic spatial and spectral signatures and
therefore the feasibility of their measurement will obviously
depend on the telescope sensitivity and angular resolution.
Since ground-based experiments normally observe through
only a few narrow atmospheric spectral bands, the main
difference between the projected S/N achievable with the
different telescopes will largely depend on their nominal in-
strumental noise levels. Our analysis does not account for
beam systematics as it aims at assessing the expected nomi-
nal S/N independently of modelling uncertainties. Typically,
beam systematics are dominant on sub-beam scales and they
usually leak total-to polarized-intensity, and therefore our
estimates would in this sense provide over-idealized bounds
on the expected measured polarization signal. We do account
for point source confusion, as specified below.
The polarization maps are decomposed into their E-
and B-modes. This is required because the primordial CMB
contribution is typically given in terms of the pure-parity E-
and B-modes. For the same definite-parity property of the E-
and B- modes it is advantageous to work in this basis as part
of the validation of our numerical calculation: A spherical
cluster is expected to generate no helicity-preferred polar-
ization, and therefore the residual B-mode due to numerical
errors would ideally be significantly suppressed compared to
E-mode polarization.
The maps were obtained from convolution of the sim-
ulated polarization maps with a 1’ Gaussian beam, and at
ν = 150 GHz, the frequency band which is common to SPT-
pol, AdvACTpol and SA. The maps can be scaled to other
frequencies using the spectral functions f(x) and g(x) in
Eqs. 2 & 12, respectively. S/N levels were determined as
a function of redshift on the observed sky patch, here as-
sumed square for simplicity. The sky patch is assumed to
be the field of view (FOV), the minimal sky patch that can
be observed by a given telescope. We assume that the tele-
scope is locked on the same target for 1%, and 4% of the
nominal observing time of the telescope. For reference we
also report results for no instrumental noise, which we refer
for simplicity a cosmic variance limited (CVL) experiment
(all astrophysical and cosmological foregrounds are left un-
changed). We use the nominal telescope sensitivity ∆T (in
units of µK-arcmin) and scale it according to ∆T ∝ t−1/2
(i.e., ∆T ∝ (∆θ)−1/2) where t is the observation time and
∆θ defines the angular size of the observed sky patch. Our
CVL results bracket possible improvement in S/N due to
ideal patch sky choice that will be allowed once the FOV
can reach significantly smaller size than the nominal value
assumed in our current analysis.
Throughout, we adopt the flat-sky approximation
(which is very accurate on galaxy cluster scales), and is rea-
sonably good even at the angular size of the full FOV. The
sub-percent error resulting from this approximation is neg-
ligible compared to other modelling uncertainties. Clearly,
the main contribution to the cluster (temperature and po-
larization) maps are at sufficiently large multipoles, `, which
correlate with typical spatial SZ features on arcminute-scales
(e.g. Sadeh & Rephaeli 2004). At higher multipoles beam di-
lution suppresses any information from sub-structures in the
cluster map; this happens before the minimum angular scale,
defined by the simulation resolution, is reached. For the ex-
pected noise power spectrum, CXY` , with X,Y ∈ {T,E,B}),
the main contributions are the primordial CMB tempera-
ture anisotropy and polarization, detector noise, integrated
SZ (temperature only), and point sources.
Assuming certain linear Wiener-type filtering is applied
to the observed T, E, and B maps that de-weights modes
according to their respective S/N (per mode), the expected
S/N from using all possible auto- and cross-correlations and
all observed modes at all spectral bands is, e.g. Tegmark &
Efstathiou (1996), Herranz et al. (2002), Lanz et al. (2010)(
S
N
)2
=
∑
ν
∫
d2`
(2pi)2
S`(ν)N`(ν)
−1S`(ν)
†, (14)
where S` = (T`, E`, B`), and N`(ν)
−1 is the inverse of the
covariance matrix
N`(ν) =
 CTT` CTE` CTB`CTE` CEE` CEB`
CTB` C
EB
` C
BB
`
 . (15)
Overall there are 6 possible pairings: TT, EE, BB, TE,
TB, and EB. Here N` should be understood as a 3x3 sym-
metric matrix per each multipole, whose XY component
is the power spectrum CXY` at that `. Since C
TB,prim
` &
CEB,prim` vanish in the standard cosmological model. The
detector noise CXY,det` ideally vanishes whenever X 6= Y ,
the all-sky integrated polarization from the entire cluster
population is negligible (Baumann & Cooray 2003, Shimon
et al. 2006), and so is the expected EB-TB correlation. Since
the temperature-polarization correlation of point sources is
not known, we assume that all cross-correlation power spec-
tra of the noise contributions except for CTE` are negligible.
Then, Eq. 14 significantly simplifies to(
S
N
)2
T+P
=
∑
ν
∫
d2`
(2pi)2
×[ |T`|2CEE` − 2Re(T ∗` E`)CTE` + |E`|2CTT`
CTT` C
EE
` − (CTE` )2
+
|B`|2
CBB`
]
,
(16)
where here we suppressed the frequency-dependence (explic-
itly shown in Eq. 14) for notational clarity, and the various
C` are the power spectra characterizing the various noise
contributions to both temperature and polarization. In prac-
tice, these noise power spectra are obtained from the map
itself – here we only adopt the expected noise power spec-
tra; e.g., for the primordial CMB we use the output of the
Boltzmann code CAMB (Lewis et al. 2000). From the tele-
scope specifications (Austermann et al. 2012, Calabrese et al.
MNRAS 000, 1–9 (2017)
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2014) we estimate the detector noise (Knox 1995, Hu, Wayne
& Okamoto, Takemi 2002), and from recent high resolution
observations by SPTpol and AdvACTpol, we estimate the
noise level due to polarized and unpolarized point sources
(Keisler et al. 2011, Crites et al. 2015). In addition, in the
case of temperature measurements we add the all-sky sta-
tistical SZ noise contribution to temperature anisotropy as
calculated by our numerical SZ code (Shimon et al. 2009).
Given Q and U maps on the flat sky, the E and B modes
are defined as the Fourier modes of the polarization field
P ≡ Q± iU in a spin-2 plane wave expansion
(Q± iU)(nˆ) ≡
∫
d2`
(2pi)2
[E` ± iB`] e∓i2(φ−φ`)ei`·θ (17)
where θ is the 2D angle vector.
4 RESULTS
We calculated the expected S/N for both total and polarized
SZ intensities in a rich cluster with a total mass of Mtot =
2×1015M, at an observed redshift in the range 0.02 ≤ z ≤
0.2.
IC gas is described by a polytropic equation of state
Pg = Pg,0
( ρg
ρg,0
)Γ
(18)
where Pg is the gas pressure, Pg,0 is the central pressure, ρg
is the gas density, ρg,0 is the central gas density, and Γ is the
adiabatic index (which is related to the polytropic index n
through Γ = 1 + 1/n). We adopt the commonly used value
Γ = 1.2 (n = 5). A β-profile (Cavaliere & Fusco-Femiano
1978) is taken for the gas spatial distribution
ρg = ρg,0
[
1 +
( r
rc
)2]− 32β
(19)
where rc is the (gas) core radius; typical values of rc and
β (deduced from measurement of the cluster X-ray surface
brightness) are rc = 200 kpc and 2/3, respectively. We con-
struct a 3D semi-analytic simulation of the gas distribution
with ∼ 200 cubical cells with a minimum (‘resolution’) side
of 20 kpc; since the cluster virial radius is RV = 2.2 Mpc, it
is fully contained in the simulation volume.
The gas temperature and its profile are determined from
the expression for the (ideal gas) pressure Pg = ρgkBTg/µ,
Tg = Tg,0
( ρg
ρg,0
) 1
n
, (20)
where µ is the mean molecular weight (≈ 0.6 in a fully ion-
ized cosmic gas), and T0 is the central temperature, whose
fiducial value is set to T0 = 10
8 K. The central density is
obtained from the total mass (within the virial radius) and
the gas mass fraction fg,
ρg,0 = fgMtot
[
4pi
RV∫
0
r2(1 + (r/rc)
2)−
3
2
βdr
]−1
. (21)
The electron number density is ne ' 6ρg/(7mp). In our
numerical estimates we take fg = 0.12 (e.g. Dvorkin &
Rephaeli 2015), and consider the cluster to be moving at
a velocity of 1000 km s−1 both along and across the los.
Experiment FoV ν θFWHM ∆P
(deg2) (GHz) (arcmin) (µK-arcmin)
SPTpol 1
90 1.6 9.0
150 1.0 5.0
AdvACTpol 1
90 2.2 7.8
150 1.3 6.9
230 0.9 25.0
Simons Array 2.25
95 5.2 13.9
150 3.5 11.4
220 2.7 38.8
Table 1. Experiment specifications used in modelling the detec-
tor white noise for SPTpol (Austermann et al. 2012), AdvACTpol
(Calabrese et al. 2014), and the Simons Array1. The sensitivity
for intensity measurements is related to that of the polarization
by ∆P =
√
2∆T .
The projected temperature, gas density, and optical
depth maps in our fiducial rich cluster are shown in Fig-
ure 1. At 150 GHz the thermal component is larger than the
kinematic component by a factor of ∼ 4, and is somewhat
more centrally concentrated due to its dependence on both
temperature and density, whereas the kinematic component
is ∝ τ (Figure 1(c)). Observing the cluster at a spectral band
around νc ∼ 218 GHz will result in a substantially smaller
contribution from the former component due to its sharply
decreasing profile close to νc.
The predicted S/N of both total and polarized intensi-
ties include the confusion due to emission by (unclustered)
radio and infrared galaxies. We adopt the currently deduced
upper bounds on the power spectra (C`) of point sources,
13 nK2 (Keisler et al. 2011), and 0.28 nK2 (Crites et al.
2015), respectively. Estimates of the S/N levels for SZ inten-
sities towards the model cluster if observed for the specified
integration times of each of the three telescope projects are
plotted as function of redshift in Figure 2.
Unsurprisingly, highly significant detection of the ther-
mal SZ effect with all experiments already at the lowest
respective 1% observation time. As shown in Table 1, the
experiment that suffers most from detector noise is the SA,
as is evident from the high rise in detection levels in its
CVL observation. SPTpol and AdvACTpol are almost in
their optimal detection level, as implied by the fact that
their detection levels do not vary significantly for different
observation times. The AdvACTpol (non-CVL) detection
levels are higher than those of the other two experiments;
this is essentially due to its third spectral band. Whereas all
three experiments have the 90-95 GHz and 150 GHz bands,
AdvACTpol has also a 230 GHz channel which extends ap-
preciably above the crossover frequency, unlike the (third)
ν = 220 GHz ∼ νc of the SA which is of little use in observ-
ing the thermal component.
We also estimate the detection of the kinematic compo-
nent alone, when the thermal component is considered as a
noise source. Estimated S/N levels in this case are shown in
Figure 3. Overall detection levels are obviously lower than
those of the total intensity, but detection levels of the kine-
matic component are still quite significant. Since this compo-
nent is more spatially extended, it contributes to the overall
S/N levels at lower multipoles, which explains the relatively
1 Private communication.
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(a) Temperature.
(b) Electron number density.
(c) Optical depth.
Figure 1. Maps of the projected (a) temperature, (b) electron
number density, and (c) optical depth in our model cluster. The
electron number density – and, consequently, the optical depth –
are more centrally concentrated than the temperature.
constant detection level for the various redshifts when the
detector noise is dominant, unlike the case of detection of the
full effect. This also explains the sharp decrease in S/N levels
at low redshifts, where contribution from lower multipoles is
more dominant. As the redshift of the cluster increases, the
signal becomes prominent on the noisy range of the mul-
tipoles, until the redshift increases above ∼ 0.04 and S/N
levels rise, levelling-off at z & 0.2. We see again that the SA
is advantageous at the CVL, while there is no real benefit to
increased observation time with the other two experiments.
It then has very similar detection levels compared with Ad-
vACTpol due to both having a third channel.
Estimates of S/N levels of SZ polarization towards the
model cluster, when observed for the specified integration
times of each of the three telescope projects, are plotted as
function of redshift in Figure 4. As expected, the measure-
S/N: Thermal SZ Intensity
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
z
30
35
40
45
50
55
60
65
70
S
/N
SPTpol
AdvACTpol
Simons Array
Figure 2. Detection levels of temperature anisotropies in
temperature-equivalent units for the polytropic cluster simula-
tion for SPTpol, AdvACTpol and the SA, with 1% (dash-dotted
line) and 4% (dashed line) observation time and CVL (continuous
line). Point source noise contamination is assumed at the deduced
upper limit (specified in the text).
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Figure 3. Predicted S/N for measurement of the two kinematic
SZ components towards the model cluster for the specified tele-
scopes. Observation times and line styles are as in Figure 2. Point
source noise contamination is assumed at the deduced upper limit
(specified in the text).
ment of cluster polarized signals is challenging, with only
marginal detection significance of clusters at z . 0.04 by all
three experiments and all observation times. Point source
emission and detector noise contribute most to the detec-
tion uncertainty. For longer observation time point source
contamination becomes more prominent at high multipoles
(mostly affecting clusters at high redshift), which results in
a relatively slow S/N falloff with redshift due to the constant
(in `-space) point source contamination. The overall shape
of the polarization S/N curves is different than those for the
respective total intensity curves due to the relative contri-
butions of point sources and instrument noise compared to
the integrated thermal SZ contribution to the noise budget
of total intensity, and their different dependence on angular
scale. The impact of these sources of noise is much stronger
on the polarization S/N curves, especially for more distant
clusters, so much so that S/N values monotonously decrease
(rather than increase) with redshift. In other words, the re-
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Figure 4. Detection likelihood of polarization in the model clus-
ter for the specified telescopes. Observation times and correspond-
ing line styles are as in Figure 2. Point source noise contamination
is assumed at the deduced upper limit (specified in the text).
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Figure 5. Predicted S/N for measurement of the two kinematic
SZ polarization components towards the model cluster for the
specified telescopes. Observation times and corresponding line
styles are as in Figure 2. Point source noise contamination at
the currently deduced upper limit.
spective S/N curves would have been similar in shape had
the polarized point source and instrument noise contribu-
tions been appreciably lower than the values assumed in our
calculations.
At 150 GHz, the most prominent polarization compo-
nent is the one proportional to τβ2t , followed by the thermal
double scattering component proportional to τ2Θe. At fre-
quencies close to νc ∼ 218 GHz the latter component is in-
significant. The polarization orientations for all components
are similar to those determined from the simplified hard-
sphere cluster analysis carried out by Sazonov & Sunyaev
(1999), as shown in their Figure 2.
We also calculated the expected S/N in measurement of
the kinematic polarization components, which depend on the
tangential velocity of the cluster; results are shown in Fig-
ure 5. As seen in the figure, the S/N curves are almost iden-
tical to those for detection of the total polarization signal,
but with appreciably lower likelihood. Even though the kine-
matic component contributes the largest polarization signal,
S/N: Thermal SZ Polarization
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Figure 6. Predicted S/N for measurement of SZ polarization
signal towards the model cluster for the specified telescopes. Ob-
servation times and corresponding line styles are as in Figure 2.
Point source contamination is 1/3 of the currently deduced upper
limit.
the fact that the second largest component is not localized
in the centre of the map indicates that it contributed dif-
ferently to the overall S/N, sufficiently so that without its
contribution the total signal is too faint to be detected. Due
to the much reduced thermal SZ signal in the ∼ 218 GHz
channel, both AdvACTpol and the SA benefit from the ca-
pability to observe at this frequency, leading to higher S/N
levels than that of SPTpol in the CVL.
It is also of interest to assess the likelihood of detect-
ing SZ polarization by cross-correlation of the polarization
and total intensity signals. Due to the much higher ampli-
tude of the latter, the cross-correlated S/N is not sufficiently
sensitive to the polarization signals, and therefore no extra
information can be deduced from it on cluster-induced po-
larization of the CMB.
Since the point source contamination has a major im-
pact on the feasibility of detecting SZ polarization towards
clusters, and given the fact that the current upper limit may
well be too conservative, it is only reasonable to gauge the
improved detection likelihood when its level is assumed to be
appreciably lower. To do so we re-calculated S/N values with
point source polarized intensity contamination taken to be,
for example, 1/3 of the deduced upper limit specified earlier
in this section; results of these calculations for the thermal
SZ polarization are shown in Figure 6. As is evident from
the figure, the impact of this lower level of polarized point
source signal is a somewhat higher level of S/N, and a less
steep decrease with redshift, but the likelihood of detecting
cluster-induced polarization is still quite low. As mentioned
previously, with lower point source power and no detector
noise (CVL case in Figure 6) a slight increase in S/N around
z ∼ 0.05 is apparent; this resembles the behaviour of the S/N
curves for intensity detection.
5 DISCUSSION
There is considerable interest in polarization measurements
of individual super-galactic systems in order to determine
the spectral and spatial properties of what are the dominant
sources that constitute the inherent confusing foreground in
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CMB measurements. Reasonably detailed knowledge of mi-
crowave foregrounds is needed for a correct identification of
any residual CMB signals. As the largest bound systems,
galaxy clusters are the most important contributors to the
foreground on scales larger than a few arcminutes. This fur-
ther enhances the intrinsic interest in spectral and spatial
SZ mapping of individual clusters which is diagnostically
important for determining basic cluster properties – IC gas
pressure profile, the gas and total mass of the cluster, and
its velocity. The transverse velocity component of the cluster
can only be determined from measurement of the kinematic
polarization signals described in Section II.
We calculated the total and polarized intensities result-
ing from scattering in a fiducial rich cluster whose total mass
is 2×1015M with polytropic IC gas whose mass fraction is
fg = 0.12; the cluster is assumed to have a radial and tan-
gential velocity components of 1000 km s−1. For the three
leading CMB polarization projects we calculated the pre-
dicted S/N of the thermal and kinematic total and polar-
ized SZ intensities as function of the cluster redshift. Given
the high measurement sensitivity of all three telescope sys-
tems, it is only to be expected that mapping of the ther-
mal SZ component across nearby clusters would be readily
accomplished. Dedicated long measurements with ground-
based telescope arrays will make it possible to determine
the gas pressure across most of the cluster extent, not just
the central region. This will yield the gas density profile and,
consequently, also the total mass profile, thereby resulting
in a more precise determination of the cluster mass within
the virial radius.
More demanding but still quite likely is the projected
capability to measure the kinematic SZ component towards
fast moving clusters. As is apparent from Figure 3, observ-
ing a cluster moving radially with a velocity of ∼ 1000 km
s−1 by AdvACTpol, SA, and SPTpol for more than ∼ 1%
of their respective observing time will result in a very sig-
nificant detection of the kinematic SZ component. Signif-
icant detection of this component is likely also for slower
moving clusters (when observed for the same times). For
example, at ∼ 500 km s−1, detection at S/N > 3 is likely
by the AdvACTpol and SA for clusters at redshifts in the
full range considered here (z ≤ 0.2); for SPTpol the corre-
sponding redshift is somewhat narrower since S/N ∼ 3 for
0.03 ≤ z ≤ 0.07. These estimates indicate that the radial
velocity component of nearby clusters will be measured at a
high level of precision by AdvACTpol and the SA, especially
so for clusters at z & 0.04.
In this study the fiducial rich cluster was taken to be
spherically symmetric, relaxed, and in hydrostatic equilib-
rium. Clearly, the predicted level of induced polarization
depends very much on the actual gas morphology and its
velocity field, in addition to the temperature and density
profiles. The former two characteristics can be very different
in a merging cluster from those in a relaxed cluster, so much
so that the feasibility of detection of the kinematic and to-
tal SZ polarization signals could be significantly higher than
estimated here. Whereas a simple scaling of the kinematic
polarization signals towards a merging cluster based on the
possibly higher value of the transverse velocity component,
as compared to the value assumed here (∼ 1000 km s−1),
would seem to be adequate for estimating the enhanced kine-
matic polarization signals, a more realistic analysis would be
needed in order to account for the non-spherical distribution
of the gas and the spatial profile of the velocity field. This
can be reliably accomplished based on detailed mapping of
these quantities by a high resolution hydrodynamical simu-
lation of a merging cluster.
The statistical cluster polarization signal is very small,
as is clearly apparent from the predicted polarization power
spectra calculated by (e.g.) Shimon et al. (2006). Ground-
based observations aimed at detection of the predicted infla-
tionary B-mode polarization typically target only few per-
cent of the sky. Even though these (radio-quiet) patches are
optimally chosen, polarization signals induced by individ-
ual clusters can still have an overall effect of more than the
conservative level of a few percent residual contamination af-
ter subtraction of the statistical cluster signal estimated in
the latter paper. In principle, the cluster polarization power
spectra could also affect the precision of global parameter es-
timation, but these are too weak to impact the overall error
in deduced parameter values (Shimon et al. 2009). A possi-
ble exception could be their effect on the residual lensing-
induced B-mode signal, which can amount to a few-percent,
depending on the accuracy with which the lensing signal can
be removed.
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